Ground state geometries, natural bond orbital (NBO), analysis of frontier molecular orbitals (FMOs), analysis and spectral (RMN and UV-Visible) properties of five azopyridine ruthenium (II) complexes α-Cl, β-Cl, γ-Cl, δ-Cl and ε-Cl of RuCl 2 (Dazpy) 2 have been theoretically studied by the Density Functional Theory (DFT) and Time-Dependent Density Functional Theory (TD-DFT) methods using two basis sets: Lanl2DZ and a generic basis set in gas or in chloroform solvent. Dazpy stands for 4,6-dimethyl-phenylazopyridine.
Introduction
Ruthenium (II) azopyridine complexes are attractive because of their electronic, electron-transfer and energy-transfer properties [1] [2] . Azopyridine ligands exhibit both an σ-donor and a π-acceptor character [3] that stabilize ruthenium in the lower oxidation states (II-IV) in complexes [4] [5] . Also, they present a large π-conjugated system that can mediate intermolecular electron or energy transfer process. So, ruthenium (II) complexes with azopyridine ligands are found in wide applications such in electrochemistry and in therapeutic chemistry. In electrochemistry, they have been used as catalyst [6] [7] [8] . In medicinal field, azopyridine compounds, such as the ruthenium (II) with 2-phenylazopyridine (Azpy), RuCl 2 (Azpy) 2 were discovered to show a remarkable high cytotoxicity against a series of tumour-cell lines [9] [10] . Since their fascinating activity, methylated Azpy derivatives have also been synthesized to improve the previous activities [10] [11] . Therefore, the corresponding ruthenium complexes performed were subsequently tested for their cytotoxicity [10] . Besides, in our previous work, we theoretically investigated the effects of one time methylated Azpy on the electronic structures and related properties [12] [13] . This time, we are interested in studying by quantum methods, ruthenium complexes of twice methylated azopyridine ligand, the 4,6-dimethyl-phenylazopyridine(Dazpy) [14] [15] [16] . The structures of the ligands are shown in Figure 1 . Thus, the difference between both ligands Dazpy and Azpy comes from two methyl group (-CH 3 ) on the fourth and sixth positions on the pyridine ring. Thanks to literature, these bidentate ligands can bind to ruthenium ion of the reactive RuCl 3 , 3H 2 O by the lone electron pairs of their nitrogen atoms N py and N 2 , which leads to the formation of a 5-membered stable ring of chelation in the same way as Azpy performs [17] . Therefore, the complexation of ruthenium with an asymmetric ligand actually leads to five different isomerics forms commonly named α-RuCl 2 (Dazpy) 2 (α-Cl), β-RuCl 2 (Dazpy) 2 (β-Cl), γ-RuCl 2 (Dazpy) 2 (γ-Cl), δ-RuCl 2 (Dazpy) 2 (δ-Cl) and ε-RuCl 2 (Dazpy) 2 (ε-Cl) as shown in Figure 2 [18] from the position of the chloride atoms that divide them up into cis or trans configurations and secondly from both azopyridine ligands. As yet for RuCl 2 (Dazpy) 2 , only α-Cl displays an experimental data since its structure is confirmed by X-ray crystallography [16] .
Currently, the methods of the quantum chemistry are accepted to be indispensable tools to explain or to predict the properties of the compounds [21] .
Particularly, the computations that apply the Density Functional Theory (DFT) methods are more reported because of their better consideration of electrons correlation energies and their great reduction of the computation expenses [2] [22] [23] . Therefore, we aim in this work to optimize through DFT investigation, the five α-Cl, β-Cl, γ-Cl, δ-Cl and ε-Cl isomerics of RuCl 2 (Dazpy) 2 
Method
All the calculations were performed with DFT method using Becke's three-parameter hybrid B3LYP [24] . The double-zeta pseudo-potential Lanl2DZ was adopted for calculating the solvent effects. Chloroform was chosen as a solvent because the isomer α-RuCl 2 (Dazpy) 2 was originally synthesized and characterized therein [16] . Hence, TDDFT was used to investigate the absorption properties of all complexes.
Results and Discussions

Molecular Structure
The Geometric Structures
The optimized geometries in vacuum of isomeric complexes of RuCl 2 (Dazpy) 2 are shown in Figure 3 . The main computed geometrical parameters e.g. bond lengths and bond angles are listed in Table 1 . The lone X-ray structure available is that of α-RuCl 2 (Dazpy) 2 . Therefore these experimental data are reported for comparison. Through the optimized geometries, we notice that except β-Cl that presents an lack of symmetry strengthened by the existence of two data per identical bonds, the remaining isomers α-Cl, γ-Cl, δ-Cl and ε-Cl display one data indicating their C 2 symmetry. Anyway, the experimental geometry of α-Cl is reproduced satisfactorily [16] . For instance, the values of bond lengths Ru-N, are comprised between 2.01 and 2.16 Å. These values as well as those of bond angles X-Ru-X (X = Cl or N) are in the same order regarding the comprehensive isomeric RuCl 2 (Azpy) 2 complexes. This fact provides the DFT to be reliable and the substitution of hydrogen atom by the methyl groups hasn't any real effect on the main bonds lengths or angles of the complexes [12] . Actually, the complex RuCl 2 L 2 displays an octahedral structure. However, the loss of this octahedral shape that doesn't hinder the C 2 symmetry in the case of the RuCl 2 (Azpy) 2 isomers must be due to Yann Teller's effect [31] . almost the same results are obtained. However, comparatively to gas phase results, they display small chemical shifts.
Natural Bond Orbital (NBO) Analysis
The Natural Bond Orbital (NBO) analysis was developed to study the met- Table 3 . At first glance, we can see a real difference between both groups of isomer regarding the charge of Ru. It is very important in the three cis isomers with nearly 0.59 while we have 0.55 in trans isomers. Whereas the ligand's charge, it is assumed to be an important factor in the interactions between complexes and the DNA [12] [13] [32] . This importance is rooted in the strength of its bonding by acquiring the electrons from the DNA. Therefore, the ligand that presents the highest charge will develop the best aptitude to bind to the DNA. The natural charge Table 2 .
1 H NMR of the five isomers RuCl 2 (Dazpy) 2 calculated at B3LYP/Lanl2DZ level in gas and in chloroform. 
. This evolution sequence of the ligand charge Q L of the isomers is identical to that of the RuCl 2 (Azpy) 2 isomers [33] . This sequence can be used to predict the order of the affinity link with the DNA as follow:
It results from this analysis that the isomer δ-Cl displays the highest value of ligand's charge allowing the strong bonding to DNA. Hens, it is assumed to be the best electron-acceptor ligand. Besides, comparing to the ligand Azpy [33] , we notice that Dazpy improves the bonding of all isomers RuCl 2 L 2 to the DNA by increasing the ligand's charge in the complex.
The natural bond orbital (NBO) method offers supplementary structural information. Table 4 in relation to Table 5 [31] .
Regarding the five isomers in Table 4 , only four of LP and LP* NBOs of Ru whose populations of electrons are comprised between 1.57 and 0.27 are involved in the octahedral Ru-Ligand formation. The three LP*NBO of the ruthenium are the lone acceptors from the ligand with which Ru binds and the LP is the electron donor. This latest orbital is assumed to be the responsible for the MLCT transition. For more understanding, the meaningful donor-acceptor interactions between NBOs in complexes investigated by second order perturbation 
Frontier Molecular Orbital Energies
The Frontier Molecular Orbitals (FMOs), in particular Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) play an important role in spectra and chemical reactions, as they govern many chemical reactions [35] . The HOMO and LUMO orbitals distributions computed at B3LYP/Lanl2DZ level for the isomerics complexes of RuCl 2 (Dazpy) 2 are illustrated in Figure 5 . In addition, the compositions of the FMOs have been calculated and presented in Table 7 . It shows that the component of HOMO of the five complexes is concentrated on the ruthenium atom and comes mainly from d Table 7 . Frontier molecular orbital HOMO (H) and LUMO (L) and the compositions of the ground states of α-, β-, γ-, δ-and ε-RuCl 2 (Dazpy) 2 , at the B3LYP/Lanl2DZ in gas. Whereas for the LUMO, it comes mainly from p orbitals of C and N atoms of the ligands. As result, the electronic transitions between both orbitals are assigned to singlet metal-to-ligand charge-transfer transitions ( 1 MLCT) [36] . Thus, their spectral characteristics are similar to that of the well known complex RuCl 2 (Azpy) 2 [12] .
Since then, the HOMO-LUMO energy separation ΔE has been used as simple indicator of kinetic stability and chemical reactivity. The reactivity of the complexes is closely related to the energy gap between the HOMO and the LUMO of the compounds [37] [38] . Then, the narrower the ΔE, the higher will be the reactivity and the lower will then be the kinetic stability. Otherwise, a small value of the gap indicates a great reactivity and a low kinetic stability. In reference to that, the growing order of reactivity is β-Cl < γ-Cl < α-Cl < ε-Cl < δ-Cl. This evolution sequence of reactivity shows that δ-RuCl 2 (Dazpy) 2 isomer is the most reactive while β-RuCl 2 (Dazpy) 2 exhibits the highest kinetic stability. Besides, comparing both ligands, we notice that Dazpy improves the reactivity of the isomers α-Cl and ε-Cl. Nevertheless, regarding the complexes reactivities, the most reactive remains δ-RuCl 2 (Azpy) 2 [33] .
The energy values of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), the gap energy between HOMO and LUMO, the chemical potential and hardness were determined at the same level and summarized in Table 8 Also, the analysis of the hardness values shows that the α-Cl isomer is the softest compound because of its low chemical hardness and the β-Cl isomer is assumed to be the hardest isomer. Therefore, we can conclude that the double methylation on pyridine rings increases the hardness.
The solubility of a compound is a determining criterion as for their efficiency and their utility in the pharmacopeia. The solubility of the compounds in aqueous solution can also be valued by the determination of the sharing coefficient log P. This size can be approximated by using the dipole moment. Indeed, the dipole moment indicates the stability of a molecule in water. So, a strong dipole moment will trigger a weak solubility in the organic solvents and a strong solubility in water [33] . Table 9 presents the computed dipole moment of the five isomers RuCl 2 (Dazpy) 2 . So, the decreasing order of the dipole moment is:
. This trend of the dipole moment value reveals that the isomer δ-Cl is the most soluble compound in the organic solvents while the isomer ε-Cl represents the most soluble in aqueous solution. Consequently, the δ-Cl isomer shall display the highest cytotoxicity. Furthermore, the double methyl group on pyridine of Azpy ligand decreases the dipole moment in all isomers comparatively to the reference RuCl 2 (Azpy) 2 [12] [33] [41] .
Electronic Absorption Spectra
In order to explore the electron transition between the energy levels, the lowest singlet → singlet spin allowed excited states are to be considered. With the optimized ground state geometries as the starting point, TD-DFT method at B3LYP/Lanl2DZ level with PCM in chloroform solvent was developed to calculate absorption spectra of the five isomerics complexes. This method can help find out the ability for the complex to behave as sensitizer [42] . To understand the transition behavior, the maximum absorption wavelengths (λ max ), excitation energies (ΔE), the oscillator strengths (f), the frontier orbital's composition and the main transitions regarding the visible region are summarized in Table 10 .
The simulated UV-visible spectrum of the comprehensive complexes of RuCl 2 (Dazpy) 2 in chloroform is shown in Figure 6 . Therein, all five isomeric complexes absorb in the visible region (400 -800 nm) thereby stressing their efficient photosensitivity [43] . The general UV-visible spectra of RuCl 2 (Dazpy) 2 complexes described ( Figure 6 ) exhibits two different bands of absorption. The first band that is absorbed in UV region is attributed to ligand to ligand charge transfer LLCT π → π*. This transition is centered mainly on azopyridine ligand and the regarding wavelength for all complexes is lower than 500 nm. The second band localized in the visible region at λ > 500 nm is attributed to metal to ligand charge transfer transition (MLCT) d → π*, with d sub-shell belonging Ru atom as abovementioned and π* corresponds to orbital p from the ligand (Table   7 ). In fact, the HOMO of RuCl 2 (Dazpy) 2 ) and f is the oscillator strength corresponding to the electronic state. Therefore, it turns out from Table 10 that ε-Cl shows the highest excited state value. However, as ∆E indicates the energy required to excite the complex, δ-Cl is assumed to be the best sensitizer since it not merely displays the widest wavelengths (λ max = 722.9 nm) but also shows a relatively ns.
Conclusion
In the present work, we have performed theoretical investigations on the properties of ruthenium complexes RuCl 2 (Dazpy) 2 ing the ability for the azopyridine ruthenium complexes to be used as photo sensitizer. Furthermore, the δ-RuCl 2 (Dazpy) 2 isomer with small gap energy is admitted to be the best reactive and most cytotoxic ruthenium complex. Regarding TDDFT prediction, it also reveals that δ-RuCl 2 (Dazpy) 2 is admitted to be an excellent sensitizer because of a large band of its absorption spectra in the visible region and its small excited energy ∆E.
